The mRNA and protein expression in Saccharomyces cerevisiae cultured in rich or minimal media was analyzed by oligonucleotide arrays and quantitative multidimensional protein identification technology. The overall correlation between mRNA and protein expression was weakly positive with a Spearman rank correlation coefficient of 0.45 for 678 loci. To place the data sets in a proper biological context, a clustering approach based on protein pathways and protein complexes was implemented. Protein expression levels were transcriptionally controlled for not only single loci but for entire protein pathways (e.g., Met, Arg, and Leu biosynthetic pathways). In contrast, the protein expression of loci in several protein complexes (e.g., SPT, COPI, and ribosome) was posttranscriptionally controlled. The coupling of the methods described provided insight into the biology of S. cerevisiae and a clustering strategy by which future studies should be based.
A lthough quantitative and global analysis of mRNA expression has provided comprehensive access to the transcriptome of a cell (1), posttranscriptional regulatory mechanisms (2) can result in discordant mRNA and protein abundances (3, 4) or mRNA and protein expression changes resulting from a stimulus (5, 6) . To date, the largest study analyzing the correlation between protein and mRNA expression was of 245 loci from which a weakly positive correlation between mRNA and protein expression ratios was determined (6) . In each analysis described so far, the correlation of mRNA and protein abundance or expression of a limited number of highly abundant proteins has been discussed. Current quantitative proteomic analyses have not gathered comprehensive enough data sets to detail patterns in the correlation of mRNA and protein expression and develop strategies by which to organize the correlated expression data sets.
Metabolic labeling by growth of cells in media with either 14 N or 15 N as the sole nitrogen source has been demonstrated as a potential method for quantitative proteomics in Saccharomyces cerevisiae (7, 8) . In the current paper we compared the mRNA and protein expression changes of the S. cerevisiae strain S288C when cultured on either rich media (yeast extract͞peptone͞ dextrose, YEPD) or minimal media with either 14 N or 15 N ammonium sulfate as the sole nitrogen source by using oligonucleotide array analysis (9) and quantitative (8) multidimensional protein identification technology (MudPIT) (10) (11) (12) . The control of amino acid biosynthesis in S. cerevisiae has been reviewed (13) , transcriptional analyses of 3-aminotriazoleinduced amino acid starvation by cDNA array analysis (14) , and oligonucleotide array analysis of culturing in rich or minimal media (9) have been carried out. Despite the previous analyses of amino acid biosynthesis, the coupled mRNA and protein expression analyses by oligonucleotide arrays and quantitative proteomics described herein provided novel insight into the biology of S. cerevisiae. To determine the effect of culturing S. cerevisiae on rich or minimal media, we clustered the mRNA and protein expression data set based on biochemically characterized protein pathways and complexes described in the literature and accessed via the Yeast Proteome Database (15) and MIPS (16) because a comparative assessment of the two global protein complexes analysis in S. cerevisiae postulated that Ͼ50% of the data sets are spurious (17) . Growth of S. cerevisiae After preparing overnight cultures in identical pH-controlled medias, S. cerevisiae strain S288C was grown to mid log phase (OD 600 ϭ 0.6) in YEPD (10 g of Bacto yeast extract, 20 g of Bacto peptone, and 20 g of dextrose per liter), 14 N or 15 N minimal media (1.7 g of yeast nitrogen base without amino acids and ammonium sulfate, 20 g of dextrose, and 5 g of either ammonium sulfate per liter) at 30°C followed by centrifugation at 1,000 ϫ g. The pellets were washed three times with 1ϫ PBS (1.4 mM NaCl͞0.27 mM KCl͞1 mM Na 2 HPO 4 ͞0.18 mM KH 2 PO 4 , pH 7.4). After washing, samples were prepared as described below for oligonucleotide array analysis or MudPIT. S. cerevisiae was cultured in each type of media three independent times, and each set of three cultures was independently analyzed by oligonucleotide array analysis (Affymetrix, Santa Clara, CA) (9) and quantitative MudPIT (8) as described below.
Materials and Methods
Technical Manual (Affymetrix). After sample hybridization, arrays were washed and scanned at a resolution of 3 M by using a commercially available confocal laser scanner (Affymetrix). Scanned image files were visually inspected for artifacts and analyzed with GENECHIP 3.1 (Affymetrix). The data were normalized by setting the mean hybridization signal for each sample equal to 200. Initial data processing was accomplished with Affymetrix GENECHIP software.
Preparation of Samples for Quantitative Proteomic Analysis. The soluble portion of the proteome of S. cerevisiae was prepared by sodium carbonate extraction as described (8) . The protein content of the supernatant from each of the three cell lysates was determined by the microBCA protein assay (Pierce). Two samples were then generated for subsequent analysis. First, the control sample contained equal protein amounts from the supernatant of the lysis of cells grown in 14 N or 15 N minimal media. Second, the experimental sample contained equal protein amounts from the supernatant of the lysis of cells grown in 15 N minimal media or YPD media. After mixing, each of the samples was brought to 8 M urea and the pH was adjusted to pH 8.5 . From this point forward, each sample was prepared for MudPIT analysis as described (8) . and strong cation exchange (5 m Partisphere, Whatman, Clifton, NJ) packing materials as described (11, 18) . A fully automated 13-cycle chromatographic run was carried out on each sample by using the four buffer solutions used for the chromatography consisting of 5% ACN͞0.012% HFBA͞0.5% acetic acid, 80% ACN͞0.012% HFBA͞0.5% acetic acid, 250 mM ammonium acetate͞5% ACN͞0.012% HFBA͞0.5% acetic acid, and 500 mM ammonium acetate͞5% ACN͞0.012% HFBA͞ 0.5% acetic acid (8) .
With the resulting data set collected, the SEQUEST algorithm (19) was used to interpret the tandem mass spectra generated as described (8) . Briefly, the SEQUEST (19) algorithm was run two separate times on each of the three data sets against the yeastorfs.fasta database from the National Center for Biotechnology Information. Each sample had to be run twice to separately detect and identify peptides from the 14 N minimal media sample and from the 15 N minimal media sample by using two separate SEQUEST parameters files where the masses of each amino acid was set to the corresponding growth conditions and nitrogen content therein. In both the resulting 14 N and 15 N data sets, a list of positive peptide identifications was determined by filtering the SEQUEST results based on the charge state of the peptide, the ⌬Cn value of the SEQUEST result, the tryptic nature of the peptide, and the Xcorr value of the SEQUEST result as described (10) (11) (12) . The relative abundances of peptides detected and identified in any given MudPIT analysis were computationally determined as described previously (8) .
Results and Discussion
Global mRNA and Protein Expression Analysis. S. cerevisiae was cultured in each type of media (YEPD, 14 N minimal media, and 15 N minimal media) three independent times, and each set of three cultures was independently analyzed by oligonucleotide arrays (9) and quantitative MudPIT (8) as described below. At both the level of mRNA and protein, the 14 N minimal vs. 15 N minimal control comparisons demonstrated that the usage of 15 N ammonium sulfate did not result in any mRNA ( Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org) or protein expression changes (data not shown). For example, an ANOVA analysis of the oligonucleotide array data set demonstrated that there was no statistically significant 2-fold or greater difference in mRNA expression (P Ͻ 0.05) between the 14 N minimal and 15 N minimal data sets of loci with intensities Ͼ50 counts (Table 2) . Therefore, the use of different mass labels has negligible effects on mRNA or protein expression patterns in yeast. The carbonate-extracted proteome of S. cerevisiae cultured in rich media was compared with that of cells grown on 15 N minimal media, and a total of 688 proteins and 1,889 peptides were detected, identified, and quantified in at least two independent MudPIT analyses from three independent cultures (Table 3 , which is published as supporting information on the PNAS web site). The full data set of loci for which both mRNA and protein expression ratios were determined of S. cerevisiae cultured on rich and minimal media is available in Table 3 .
A key requirement of a quantitative proteomic analysis is the ability to reproducibly detect, identify, and quantify lowabundance proteins. The codon adaptation index (CAI) has been shown to be a positive predictor of mRNA abundance in S. cerevisiae (20) and is used as a potential predictor of protein abundance where CAI values Ͻ0.2 represent low abundance proteins. Proteins with CAI values Ͻ0.2 are generally difficult to detect and identify via two-dimensional polyacrylamide gel electrophoresis (21) . The CAI distribution of both the mRNA and protein expression ratio data sets from the current analysis is shown in Fig. 1 . The oligonucleotide arrays ( Fig. 1 A) provided a much larger data set than the quantitative proteomics analysis (Fig. 1B) . However, quantitative MudPIT reproducibly detected, identified, and quantified the protein expression ratios for 77 loci (72 of which had CAI values Ͻ0.2) whose mRNA intensities in both minimal media and rich media were Ͻ50 and were not detectable by oligonucleotide arrays (Table 3) .
Correlation of mRNA and Protein Expression. The Spearman rank correlation coefficient (Sr) has been used previously in an attempt to correlate mRNA abundance to protein abundance (3, 4) and mRNA expression ratios to protein expression ratios (6) . The Sr for the 678 loci with positive oligonucleotide array intensities was 0.45, a weakly positive correlation between mRNA and protein expression ratios. A scatter plot comparing the mRNA and protein expression ratios for all loci characterized is shown in Fig. 2 . A majority of the data points deviating from the perfect positive correlation line shown fall on the y axis indicating that more loci had altered protein expression and unchanged mRNA expression than loci having altered mRNA expression and unchanged protein expression. Furthermore, several loci from the methionine biosynthetic pathway had a near perfect correlation between mRNA and protein expression (Fig.  2) , indicating that correlation of mRNA and protein expression should be analyzed at not only the loci by loci level but also at the protein pathway level.
Expression Clustering by Protein Pathways and Complexes. The major challenge facing large-scale mRNA and protein expression analysis is how to interpret the correlated data set. Our strategy for the contextual analysis of integrated mRNA and protein expression data sets was based on the presence of loci analyzed by both methods in protein pathways and protein complexes. The mRNA and protein expression ratios for the components of amino acid and purine biosynthetic pathways (Table 3) were in agreement with the previous analysis of mRNA expression alterations induced by histidine biosynthesis inhibition (14) and induced by culturing of S. cerevisiae on minimal media (9) . As shown in Fig. 2 with methionine biosynthetic pathway components, in the current analysis not only did the mRNA and protein expression changes of single loci correlate, but the mRNA and protein expression changes of entire pathways correlated (Fig. 3) . For example, the mRNA and protein expression ratios of six loci of the methionine and arginine biosynthetic pathways had Ϸ10-fold inductions at both the level of mRNA and protein, and the expression ratios correlated not only for individual loci (Table 3) but also for the entire pathway (Fig. 3) . Indeed, the probability that mRNA and protein upregulated in minimal media were unrelated to those with a MIPS (16) functional classification of amino acid metabolism was 3.74 E Ϫ 37 for up-regulated mRNA and 3.32 E Ϫ21 for up-regulated protein (22) . The pattern of the mRNA and protein expression correlating for an entire pathway could be misleading. In the aromatic and histidine biosynthetic pathways there appeared to be no pathway expression changes but the protein expression of individual loci were overexpressed in minimal media (Fig. 3 and Table 3 ). In general, the mRNA and protein expression ratios correlated for individual loci and entire pathways involved in amino acid and nucleotide biosynthesis demonstrating that the protein expression levels for the entire pathways and subsets of pathways were controlled at the level of transcription.
The mRNA and protein expression ratio changes for several protein complexes and regulatory factors are shown in Table 1 . Proteins involved in RNA polymerase II transcription (holoenzyme, SPT complex, and histone modification) were overexpressed in minimal media ( Table 1 ). The protein expression changes of the transcriptional repressor Tup1p (23) , and the RNA polymerase II holoenzyme components Anc1p and Sin4p (24, 25) are shown in Fig. 4 . Tup1p is a general repressor of RNA polymerase II transcription (23), which was 8-fold overexpressed in rich media when compared with minimal media (Fig. 4A) , and this protein expression change was not detectable at the level of mRNA (Table 1) . Both Anc1p and Sin4p were overexpressed in 15 N minimal media as indicated in Fig. 4 B and C, and these changes were not detectable at the level of mRNA ( Table 1 ). The Table 3 . The names of additional selected loci are also shown. Fig. 3 . Correlation of mRNA and protein expression of amino acid and nucleotide biosynthetic pathway components. The mRNA and protein expression ratios of loci from each of the biosynthetic pathways shown were detected, identified, and quantified as described in Materials and Methods (Table 3 ). For each pathway that was represented in Table 3 by at least three loci, the average mRNA and protein expression ratio for the whole pathway was determined and plotted. The three-letter code for each pathway shown is of standard nomenclature except for that representing the biosynthetic pathways of the aromatic amino acids (Aro), the shared isoleucine͞valine pathway (I͞L), and the purine (Pur) and pyrimidine (Pyr) nucleotide biosynthetic pathways. The number in parentheses below each three-letter code represents the number of loci for which both the mRNA and protein expression was determined for the given pathway. The open boxes represent the average mRNA expression ratio of a given pathway, and the filled boxes represent the average protein expression ratio of a given pathway. The error bars represent one standard deviation of the data. Annotation of each identified loci was carried out by accessing the Yeast Proteome Database (15) and MIPS (16) .
protein levels of additional loci that are involved in RNA polymerase II transcription were overexpressed in minimal media including Eaf3p, Sin3p, Spt4p, Spt6p, Ssu72p, and Stb2p (Table 1 ). In the analysis by Wodicka et al. (9) , 140 mRNAs had at least a 5-fold increase in expression in minimal media, and 36 mRNAs had at least a 5-fold increase in expression in rich media. In the current study a similar global pattern was seen at the level of mRNA where the mRNA expression of 80 loci were overexpressed by at least 5-fold in minimal media whereas the mRNA expression of 32 loci were overexpressed by at least 5-fold in rich media (data not shown). A dramatic decrease in repression and increase in RNA polymerase II machinery provided a potential mechanistic explanation for the observations of Wodicka et al. (9) and those seen in our data where the mRNA of many more loci were overexpressed in cells cultured in minimal media than cells cultured in rich media.
The protein expression levels of several loci in protein complexes were not uniformly overexpressed in either media. Of the three loci in the SPT complex (26) , the expression levels of Spt4p and Spt6p were overexpressed in minimal media, whereas the Spt5p was unchanged (Table 1 ). In the COPII complex (27) , Sec24p expression was unchanged, whereas Sec13p and Sec23p were each overexpressed by 2-fold in minimal media ( Table 1 ).
The protein expression of five loci of the vacuolar H(ϩ) ATPase complex (28) was increased in minimal media whereas two loci had unchanged protein expression (Table 1) . Lastly, a subset (8 loci) of the 60S ribosomal particle was overexpressed in YEPD, whereas the protein expression of the 40S ribosomal particle and the remainder of the 60S ribosomal particle were unchanged in either media (Table 1) . Overall repression of the majority of ribosomal genes under conditions of amino acid starvation has been previously seen (14) , but this is the first time such an effect has been seen at the protein level and of a distinct subset of only one of the ribosomal particles. These results suggest that there was subcomplex posttranscriptional control of protein expression levels that may have led to altered protein complex stoichiometry.
Conclusion
The methods described in this work demonstrated the ability of quantitative MudPIT to detect, identify, and quantitate the protein expression of loci whose mRNA was unchanged. However, the challenge was to determine the biological context of the changed and unchanged loci. Proteins function in complexes and pathways, and clustering of an integrated mRNA and proteomic data set based on this simple fact provided the context to (16) . † The average and standard deviation is determined by using the average mRNA or protein expression ratio (YEPD vs. 15 N minimal media) of each locus from multiple data sets as described in Table 3 . ‡ The average mRNA intensity value of a given loci as measured by oligonucleotide array analysis was below 50 counts as shown in Table 3 . § The average mRNA intensity value of a given loci as measured by oligonucleotide array analysis was above 2000 counts as shown in Table 3 . ¶ The mRNA for all eight of the subset of the 60S ribosome had intensities above 2000. The eight loci in this subset were RPL5, 6B, 8A, 10, 13A͞B, 21A͞B, 31A͞B, and 33A͞B.
interpret the biology of the system. At the protein pathway level we determined that the increase of mRNA and protein expression in S. cerevisiae cultured in minimal media for several amino acid (Met, Arg, Glu, and Lys) and the purine biosynthetic pathways not only correlated on a loci by loci basis but also at the whole pathway level. In two specific cases, that of the aromatic amino acid and histidine biosynthetic pathways, whereas the mRNA and protein expression ratios correlated at the pathway level and showed no overall change in pathway expression, the mRNA and protein expression ratios of individual components in each pathway were overexpressed in minimal media. These results suggested that there were pathway and subpathway levels of transcriptional control of protein expression levels.
Clustering of the data set by protein complex yielded novel insight into the biology of S. cerevisiae cultured in rich and minimal media by determining the expression change of protein complexes that have not been previously described (9, 14) and were not detectable by oligonucleotide array analysis of mRNA expression. Several protein complexes or subsets of protein complexes were overexpressed in cells cultured in either media, and in general the mRNA and protein expression for these individual loci and whole complexes did not correlate. The clustering of mRNA and protein expression data by protein complex suggested that posttranscriptional regulatory mechanisms (2) functions at the level of whole complexes and the subcomplex level. In the SPT complex (1 of 3 loci), COPII complex (1 of 3 loci), vacuolar (H)ϩ ATPase complex (2 of 7 loci), and the ribosome (8 of 36 loci of the 60S subunit), at least one loci known to be in each complex had unchanged protein expression, whereas the protein product of other loci were either overexpressed in minimal or rich media. When the protein expression of a locus in the complex was overexpressed in either media the mRNA expression was unchanged, indicating that posttranscriptional control of protein expression functions at the protein complex and subcomplex level. There are two possible explanations for the results seen in these four complexes. One, the protein stoichiometry in each complex is different in cells cultured in either media. Two, the protein stoichiometry in each complex is the same in cells cultured in either media and the additional protein expression of certain loci from each complex is being used in a different protein complex. Although it is possible that only one of these explanations holds true for all four complexes, it is more likely that both explanations were in effect although we have no data to support either case.
As proteomic technologies approach the capabilities of cDNA array and oligonucleotide array analyses, data clustering methodologies will need to be developed and implemented. Although temporal proteomic analyses will likely require mathematical clustering algorithms (29) , clustering by protein pathways and complexes will be essential. The results described herein clearly demonstrate the importance of protein complex clustering because a locus whose protein expression does not change is as important as those that do change. Future correlated large-scale mRNA and protein expression analyses will likely determine similar complex patterns of transcriptional and posttranscriptional control as long as data clustering is based on the fact that proteins function in pathways and complexes. As metabolic labeling has been demonstrated to be a viable quantitative proteomic method in mammalian tissue culture (30) , one could envision a target discovery project in a variety of systems where the same analytical and clustering methods are applied to determine which protein pathways and complexes are altered in expression to obtain a more complete and complex biological picture.
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